Increasing traffic volume and more focus on industrial effects, time saving effects and environmental effects have in Norway increased the focus on establishing permanent connection for several wide sea links. The Norwegian topography, with wide and deep fjords, makes establishing such permanent connections a challenge and has made bridge design to be an important topic in the development of Norway. In order to cross deeper and wider fjords new designs and new concepts have been developed and adapted continuously.
Introduction
Increasing traffic volume and more focus on industrial effects, time saving effects and environmental effects have in Norway increased the focus on establishing permanent connection for several wide sea links. The Norwegian topography, with wide and deep fjords, makes establishing such permanent connections a challenge. In order to cross deeper and wider fjords new designs and new concepts have been developed and adapted continuously.
Developing bridge designs for increasing span widths have for many decades been the main focus in Norway. Combining this with the rather low traffic volume has created structures with extreme slenderness. As a part of this development, the idea of strait-crossings floating at the sea surface or below the sea surface has been matured. In 1992 and 1994 the two first bridges floating at the sea surface (Bergsøysundet and Nordhordland) were put into service in Norway. In the same period the concept for a submerged floating tunnel for Høgsfjord was accepted as feasible by Norwegian authorities. However, then further development stopped and other concepts took the lead.
Nevertheless, it is still a fact that that the submerged floating tunnel is particularly well suited to cross deep and wide straits. Concepts for this type of crossings have been developed with significant efforts during the past decades, especially in Norway, Italy and Japan. A great number of different solutions have been presented dealing both with the layout, the construction, the foundation and the operation of the submerged tunnel. The submerged tube reduces both the environmental loading to the structure and the environmental impact to the landscape and should as such be a rational way of crossing wide straits in a beautiful landscape. There are however, still some challenges that must be dealt with in order to utilize such a structure. This paper will address some of these challenges and possible solution to them from a Norwegian perspective, exemplifying with some concepts for possible fjord crossings in Norway.
The crossing of Høgsfjord
The feasibility of the submerged floating tunnel as a concept for fjord crossing was proven in the Høgsfjord project. Four different concepts were here prepared to facilitate a fixed link at a crossing of approx 1400 m length, a water depth of about 150 m and a site well protected from large sea waves. Fig. 1 shows layout for one of the concepts.
All concepts were here evaluated as feasible for construction of the Norwegian Public Road Administration as safe and competitive alternatives to traditional crossing alternatives. However this project was stopped for local political reasons before realization.
One of the four concepts used stays as downward anchors to the sea bottom and the three other was based on floating pontoons. For the tube, three concepts were using concrete and one was using steel as construction material. All concepts were developed to tender by the four prequalified contractors before the project was stopped. Norwegian authorities have during this project developed rules, regulations and specifications for such a structure. The project has, even though not realized, given valuable knowledge for construction of submerged floating tunnels for such a crossing. 
Design challenges for a submerged floating tunnel
Submerged floating tunnel has a large number of design challenges as a new type of structure which up to now never has been built. In this section some of these challenges will be discussed and solution will be presented based on our experience from slender bridges already built.
Structural configuration
The main element of the submerged floating tunnel is the tube which contains the roadway. This element, which is floating somewhere between the sea surface and the sea bottom, should preferably be supported of elements either connected to the sea bottom (stays or columns) or to the sea surface (floating pontoons).
An extreme structural configuration would be the tube alone formed as a downward arch only clamped at each end. As the cross-section of the tube, see Fig. 2 , would have small dimensions compared to the length of the tube, this configuration does not give sufficient stiffness sideways for the structure. The main challenge is thus how to obtain this sufficient stiffness.
Our experience is that for large water depths the easiest and most inexpensive way to obtain sufficient stiffness in the vertical plan is to connect the tube to the sea surface by pontoons. In the horizontal plane the tube is formed as an arch, both for stiffness purpose and for reduced sensitivity to hydro dynamical loading. This was the solution we proposed for the Høgsfjord crossing. Using this solution our comprehensive experience from floating bridges, [1] [2] [3] , can be directly used as a basis for the design of the submerged floating tunnel. In fact the submerged floating tunnel will here act as an inversed floating bridge, having the bridge beam under water surface in stead of above water surface.
This solution should for sheltered locations, as inside fjords, be feasible up to a span length just below 2000 m, depending on the stiffness of the tube and the radius of the arch. For span lengths above this, the stiffness is likely to be too low in the horizontal direction making the structure more sensible to environmental loading as e.g. vortex shedding.
For span lengths in the range of 2000 m and above, additional stiffness must be introduced in the horizontal plane. The obvious solution to this, for moderate sea depth, is inclined stays connected to the fjord bottom, which will give both horizontal and vertical stiffness. Such a structural configuration introduces new challenges; how one without extensive pretensioning can ensure moderate movements and no instability problems for the system, how to introduce enough damping into the system to stop any induced movements. For large water depths the costs of connections to the sea bottom will be of major concern. Here more innovative solutions should be investigated. Introducing other horizontal elements could give the needed horizontal stiffness. The challenge will be to keep the overall costs down and achieve a structural configuration that may be operable without too high maintenance costs, and a system that has redundancy for loss of elements.
Hydrodynamic behavior
A major technical challenge for designing a submerged floating tunnel will be the hydro dynamical behavior of the structure. The authors have, however, quite extensive experience for similar types of structure. The submerged floating tunnel with pontoons will in fact act as an inversed version of the Nordhordland Bridge [2] , having the bridge beam under water surface in stead of above water surface. A version with anchors to the bottom will act similar to William R. Bennet Bridge [3] except that the bridge beam is under the water surface and thus give you a far more simple loading condition then a long bridge in the water surface layer. The authors have participated in the design and construction of these bridges which both are well operating structures today.
The environmental loading on a submerged floating tunnel in a sheltered fjord environment will consist of at least the following elements: current loading, wave loading, wind loading, temperature, loading generated from variable water density (listed with decreasing importance). For a location in open sea the wave loading obviously will be of greater importance.
The loading that in most cases will determine the dynamical behavior of the structure is the wave loading, provided the structure is designed such that vortex shedding from the current is avoided. Wave loading will consist of several parts: first order wind generated waves, higher order waves and possibly swell.
First order wind generated waves
Wind generated waves on water typically present a confused and irregular appearance. Several numerical models have been proposed in order to simulate random waves. These models have been based on statistical properties of waves measured in the ocean. A common used model is the two-dimensional wave spectrum where the energy in the waves is parameterized with respect to frequency and direction. This two-dimensional wave spectrum may for convenience be factored into the one-dimensional wave elevation spectrum and a directional spreading function (2) 
Numerous semi-empirical expressions for S Ș and Ȍ may be found in the literature. The one-dimensional wave elevation spectrum shows the distribution of wave energy with wave frequency in a train of waves. It may be observed that the wave energy has low magnitudes at both small and large wave frequencies, and reaches a maximum at an intermediate frequency which is known as the peak spectral frequency, f p , or a peak spectral period T p (T p = 1/f p ).
One such semi-empirical spectrum often used is the JONSWAP spectrum. The spectrum is defined by the significant wave height H s , the peak frequency f p and a set of special spectral parameters. This wave spectrum may then be described in the following manner:
where Į, ȕ, ı, and Ȗ are spectral parameters used to fit the spectrum to the actual conditions for the location for the bridge. The significant wave height H s , the peak frequency f p may both be taken from wave hindcasting data for the actual location, based on long term wind data that usually are available. Combining hindcasting with measurements over a few year give needed information for setting up design requirements for the structure. The directional spreading function must be defined. Commonly used is cosine-power directional spreading function which may be defined as: 
where T is the mean direction of the wave propagation, s is a parameter defining the width of the distribution and C Ȍ is a normalizing function given by: These parameters obviously also must be benchmarked to actual measurements on the specific bridge location.
Having the loading condition defined, load actions may be determined based on a finite element discretization of the structural system. A set of procedure for solving this for a surface floating bridge is described in [5] and this is further described for submerged floating tunnels in [6] . Including the interaction between the structure and the fluid, the relation between the load and response vector-processes may be given as
The convolution integrals are included due to frequency dependence of mass and damping. Possible non-linearities are indicated by giving the damping matrix as a function of displacement and velocity and the stiffness matrix as a function of displacement. Separating the mass, damping and stiffness matrix into a structural and a hydrodynamical part several methods are available for solution of such a dynamic system, depending upon the required characteristics of the response processes and the complexity of the numerical model. The most common used are the frequency and the time domain methods.
The submerged floating tunnel has frequency dependent mass, damping and loading. The proposed discretization of the structural system will give linear structural matrices and the linear wave theory will give linear wave loading. The direct frequency response method is thus conveniently selected for response calculations. A time domain method would not add anything to the solution unless non-linearities are present. In addition, the representation frequency dependency becomes more involved.
Higher order waves
The above procedure gives the load effect from first order waves. Higher order load effects as slow drift forces may be estimated based on the same type of procedures. The general idea is then the introduction of a fictitious "equivalent slow-drift sea state". The approach is based on ref. [7] , [8] and [9] .
The slow-drift forces are estimated based on Maruo's formula, see ref. [7] . By assuming that the incoming wave is completely reflected, an upper bound on the slow-drift forces is obtained. In order to estimate the load reactions due to slow-drift excitation, a fictitious "equivalent slow-drift sea state" is constructed. This means estimating an equivalent significant wave height and a representative peak period which may be estimated based on study results reported in ref. [8] and [9] .
In addition to the "one-dimensional" spectral characteristics, modelling of the "spatial correlation" is also required. This is achieved by a proper choice of the spreading exponent of the directional spreading function. According to ref. [9] , the spatial correlation length is only a small fraction of the length of the bridge span. A low value of the spreading exponent will hence be relevant. However, in order to obtain conservative (upper value) estimates of the bending moments, a rather high exponent could be applied.
Lateral displacements of the bridge and also mooring-line forces are likely to be underestimated by assuming that all the response is associated with single-mode dynamic beam deformations. Accordingly, these response quantities should be estimated by assuming that the slow-drift forces are purely static. This will give upper bounds for both the lateral displacements and mooring line forces. The contributions from slow-drift forces to these response quantities are likely to be significantly larger then for the bending moments and shear forces.
Accidental situations
For such a new, large and complex structure a number of accidental situations must be taken into account during the design process. Relevant accidental situations will be ship collision, massive water filling, response to landslide generated waves. Solutions to deal with such accidental situations can be implemented in the design, but this theme is vast and calls for a separate article. The final questions is what reliability level such bridges should fulfill.
Verification of behavior
Submerged floating tunnels as well as other long-span bridges such as cable-stayed and suspension bridges, will have a dynamic response which should be of major concern both in the design process and during operation.
Norwegian bridge building has been stretching the limits of experience for a number of different bridge concepts, especially related to slenderness. This development has been followed by extensive measurements of bridge behaviour in order to improve bridge quality and safety and to establish a basis for continued progress in bridge design. The idea of a specific quality enhancing development, the IDV-concept (see [10] ), was to formalise this collection of experience such that new projects could benefit from the findings.
In order to achieve such a goal, the major challenge is to achieve an efficient evaluation of measurements of dynamic behaviour of large structures as bridges. Most measurement programmes end up in a statement that the structure behaved as expected, without giving any results that can be used in a more general manner. These facts triggered as a part of the development of the submerged floating tunnel concept a new Structural System Identification Methodology specially directed to the submerged floating tunnel, see [6] .
In ref. [6] a robust method for identification of structural systems has been presented. The combination of modal parameter identification by the Covariance Block Hankel Matrix method followed by physical structural parameter estimation by the Least Square method, efficiently sorts out the most significant information. Practical procedures are developed to extract the structural subsystem information from the total measurement information, including noise. The primary scope has been to develop a method that can identify the structural properties without the need for measurement of load parameters. The method is however, capable of identifying parameters associated with both loading and structural characteristics and could be extended for application in structural monitoring.
The methodology for performing such verification of the behavior of a submerged floating tunnel thus exists just waiting for the first tunnel to being built. In the lack of an actual tunnel application of the methodology has been demonstrated on measurements from model-tests on a submerged floating tunnel, see e.g. [11] .
Further Norwegian fjord crossings
The Høgsfjord crossing was meant to be a basis for further developments of such strait-crossings in Norway, bridging even wider fjords. Especially in the crossing of deep and wide fjords, the benefits of the submerged floating tunnel become a competitive solution. For crossing of straits with more then 1500 m width and with water depth of 200 m or more it is believed that a submerged floating tunnel should be economically competitive. Based on this, development in Norway has continued further by looking on other potential places for submerged floating tunnels.
Here is presented two potential crossings that have been evaluated by the company of the authors, Dr. Ing. Aas-Jakobsen AS.
Crossing of Storfjord
One potential location were a submerged floating tunnel should be economically competitive is the crossing of Storfjord in Møre og Romsdal County. This fjord may be crossed at several places replacing some of the four different ferry crossings that exist today. The minimum crossing length is about 2500 m and the depth of the fjord varies from 350 to 500 m. Some possible crossings are situated in sheltered areas, but in the outer region of the fjord environmental loading will become a great challenge. A possible concept for crossing Storfjord making a fixed link between Aursnes and Magerholm is presented in Fig. 2 . This is a 2500 m long submerged floating tunnel anchored to the 400 m deep seafloor by tethers.
As expected this study, [4] , revealed that such a long slender structure will be sensitive to dynamic excitation. The actual location for the bridge is in a relatively sheltered area where wave loading should come from wind generated waves. Even based on this limitation of the loading, the structure showed a too flexible behavior in the horizontal plane giving need for additional stiffening. As the water depth here is limited to about 400 m, this should give a feasible solution. In the study, a cross-section similar to the Hogsfjord solution was used. Based on such a cross-section, a layout with 9 sets of inclined stays showed sufficient capacity for the design. Local increase of the dimension in areas around stays in order to secure sufficient buoyancy for the stay forces would be needed 
Crossing of Nordfjord
Another potential location were a submerged floating tunnel is evaluated as one of many potential ways of making a fixed link, is the crossing of Nordfjord in Sogn og Fjordane County. This crossing is meant to replace the ferry connection Anda-Lote and will as such be a part of the main link at the west coast of Norway, E39. For this crossing five different concepts for crossing the fjord were evaluated: conventional bridges (3 alternatives), floating bridges (3 alternatives), submerged floating tunnel, immersed tunnel and rock tunnel.
The crossing is situated in a rather shallow part of this fjord with only about 150 m depth and the crossing length will be above 1700 m. The bottom of the fjord consists of glacial deposit and the depth to rock is about 300 m. Hydro dynamical loading should be rather limited at this rather sheltered location. The main concern for a submerged floating tunnel would be current loading.
Our study showed that a conventional bridge with short spans (about 150 m) founded on piles would give the lowest construction costs. A submerged floating tunnel would have a construction cost of about 50% more then the conventional bridge alternative. Furthermore, a rock tunnel would give the most expensive solution, twice the cost of the conventional bridge.
The ultimate Norwegian challenge -Crossing of Sognefjord
The ultimate challenge for a submerged floating tunnel in Norway will be the crossing of Sognefjord in order to complete a fixed link for the west coast of Norway. The actual location for such a crossing is shown in Fig. 4 having a water depth of above 1000 m and a length of 3750 m. Feasibility studies have been startet for this locations for solutions both below, at and above the water surface.
For this location a submerged floating tunnel would be an ideal alternative setting no limitations on future use of the fjord above the water surface and giving minimal impact to the landscape. Even though costs will be high for such a structure, the costs will be high for all possible alternatives for this long crossing as well.
A concept for a submerged floating tunnel for this location should in our opinion get the needed stiffness in the vertical plan from pontoons crossing the water surface. The stiffness in the horizontal plane must be secured by additional horizontal elements, either by increasing the dimension of the tube (not a likely option) or by adding additional horizontal elements. Many potential layouts of such horizontal elements have been proposed. Only thorough studies of needed stiffness and achieved efficiency of the proposed layouts combined with efficiency from a maintenance point of view can give the optimal design. 
Conclusions

